Directed cell migration and process outgrowth are vital to proper development of many metazoan tissues. These processes are dependent on reorganization of the actin cytoskeleton in response to external guidance cues. During development of the nervous system, the MIG-10/RIAM/Lamellipodin (MRL) signaling proteins are thought to transmit positional information from surface guidance cues to the actin polymerization machinery, and thus to promote polarized outgrowth of axons. In C. elegans, mutations in the MRL family member gene mig-10 result in animals that have defects in axon guidance, neuronal migration, and the outgrowth of the processes or 'canals' of the excretory cell, which is required for osmoregulation in the worm. In addition, mig-10 mutant animals have recently been shown to have defects in clustering of vesicles at the synapse.
The function of many metazoan tissues requires the precise establishment of contacts between cells and their targets during development. Directed cell migration and cellular process outgrowth are essential for organogenesis. For example, the successful development of the human brain requires that neurons migrate to populate the layers of the cortex, where they then must extend highly guided axons and dendrites to accurately form precisely positioned neural circuits (Sanes et al., 2006) . Migrating cells and processes achieve accurate navigation to their targets by responding to a variety of signaling molecules that either stimulate migration or mediate the attraction and/or repulsion to a particular source. Many of these molecules and their associated signaling mechanisms are evolutionarily conserved, and the regulation of cell migration and outgrowth in C. elegans by guidance cues and morphogens such as UNC-6/ Netrin, SLT-1/Slit, Wnt family members, semaphorins, and ephrins has been extensively characterized (Boulin et al., 2006; Chang et al., 2006; Ginzburg et al., 2002; Ishii et al., 1992; LeungHagesteijn et al., 1992; Maloof et al., 1999; Pan et al., 2006; Quinn et al., 2006; Roy et al., 2000) . For many of these signaling pathways, signals detected at the surface are transduced into localized remodeling of the actin cytoskeleton at the leading edge, leading to changes in either its rate of protrusion or re-orientation (Drees and Gertler, 2008; Norris et al., 2009; . The mechanisms by which signals detected at the cell surface are integrated and transduced into such morphological changes are not well understood. Attention is therefore turning towards better characterizing the molecules downstream of ligands and receptors that directly mediate actin cytoskeletal remodeling during cell and process migration.
One such molecule is MIG-10, a member of the MRL family of cytoplasmic adaptor proteins, which also includes vertebrate Lamellipodin (Lpd) and RIAM as well as Drosophila Pico Lafuente et al., 2004; Lyulcheva et al., 2008) . mig-10 was first identified in a genetic screen of C. elegans mutants defective in the migration of the canal associated neurons (CANs). Additional defects displayed by mig-10(ct41) mutants include disrupted migration of the HSN and ALM neurons and truncation of the excretory cell posterior processes (termed canals) (Manser and Wood, 1990) , as well as defects in axon guidance (Chang et al., 2006; Quinn et al., 2006) . Recently, MIG-10 has also been shown to mediate vesicle clustering at synapses (Stavoe and Colon-Ramos, 2012) . This involvement in vesicle trafficking may be related to MIG-10's function in excretory cell outgrowth, as the formation of the lumen of these single cell tubes requires localization and fusion of vesicles (Buechner, 2002) .
Genetic analysis placed MIG-10 downstream of both UNC-6/ Netrin and SLT-1/Slit in the ventral migration of the PVM, AVM, and HSN axons Chang et al., 2006; Quinn et al., 2006) . Overexpression of MIG-10 in the absence of these cues produces a partially penetrant multipolar phenotype in the normally monopolar PVM and AVM (Quinn et al., 2006) . Similarly, overexpression of Lpd was reported to increase the rate of lamellipodial protrusion in fibroblasts stimulated with PDGF . These observations suggest that promotion of outgrowth is a function common to MIG-10 and Lpd.
Molecular characterization of MIG-10 and Lpd has revealed that these molecules are asymmetrically localized in response to external guidance cues. Localization of MIG-10/Lpd is controlled by the centrally located and conserved RA and PH domains . A fragment of MIG-10 containing only the RA and PH domains bound specifically to the Rho GTPase CED-10/Rac1 only when it was active . The PH domain of Lpd binds to PI(3,4)P 2 lipid moieties, which arise asymmetrically in the growth cone in response to guidance cue detection . Mutation of ced-10 or mutation of either age-1 or daf-18, which encode products suspected of regulating PI(3,4)P 2 turnover , disrupted the ventral localization of MIG-10 in the HSN in response to UNC-6. At the synapse, MIG-10 has been shown to be in a signaling pathway downstream of Netrin that includes the UNC-40/DCC receptor, the Rac-GEF CED-5/DOCK180, and CED-10/ Rac1. MIG-10 localizes to presynaptic regions in response to this pathway, and is required for synaptic vesicle clustering and Factin organization (Stavoe and Colon-Ramos, 2012) .
Both MIG-10 and Lpd contain EVH1 binding sites that mediate binding to members of the Ena/VASP family of proteins, which promote elongation of actin filaments and oppose capping (Chang et al., 2006; Drees and Gertler, 2008; Krause et al., 2004; Quinn et al., 2006) . Thus, localization of MIG-10/Lpd in migrating cells or processes in response to signaling through AGE-1/P13K and CED-10/Rac allows Ena/VASP recruitment to the leading edge. However, Ena/VASP activity on its own is unlikely to mediate the outgrowth activity of MIG-10, since mutation of unc-34, the sole C. elegans Ena/VASP homolog, has no effect on the outgrowth phenotype produced by MIG-10 overexpression (Chang et al., 2006) . Furthermore, loss of all Ena/VASP function does not result in the loss of F-actin meshwork observed in Lpd knockdowns . Finally, double mutants of unc-34 and mig-10 show much more severe defects than either mutant separately (Chang et al., 2006; Quinn et al., 2006) , suggesting that the two genes act in overlapping functional pathways. In particular, MIG-10 is likely to interact with the actin polymerization machinery via additional partner molecules.
Another class of proteins commonly targeted by signal transduction pathways are the actin nucleators, which initiate actin filament assembly. The ARP2/3 complex is responsible for nucleating branched actin filaments, and plays a critical role in the regulation of lamellipodial dynamics (Goley and Welch, 2006) . The activators of this complex include WAVE proteins, which are constitutively associated with the WAVE regulatory complex (WRC) proteins ABI-1, GEX-2/Sra-1, GEX-3/Nap-1, and HSPC300 (Eden et al., 2002; Stovold et al., 2005) . The WRC is important for controlling WAVE stability and localization and inhibits WAVE activity in the absence of signaling events promoting ARP2/3 activation (Chen et al., 2010; Ismail et al., 2009; Kunda et al., 2003; Rogers et al., 2003; Steffen et al., 2004) . In C. elegans, RNAi of any component of this complex causes embryonic lethality due to severe defects in morphogenesis (Patel et al., 2008) .
The WRC member Abi-1 is also a downstream target and modulator of Abelson tyrosine kinase (Abl) activity (Shi et al., 1995) . Abl family kinases are important regulators of cytoskeletal dynamics that have been implicated in axon guidance in Drosophila and mammals (Lanier and Gertler, 2000) . In C. elegans, ABI-1 and ABL-1 (the C. elegans homologs of Abi-1 and Abl) have been shown to interact in vitro, and have opposing functions in the regulation of cell engulfment of apoptotic cells in vivo (Hurwitz et al., 2009) . In mammals, Abi-1 interacts with Abl to promote phosphorylation of the Ena/VASP family member Mena, although it is unclear if Abl positively or negatively influences Ena activity (Bashaw et al., 2000; Lin et al., 2009; Michael et al., 2010; Sheffield et al., 2007; Tani et al., 2003) . Lpd has also been identified as a target of Abl, but a role for Abi-1 in this interaction has not been described (Michael et al., 2010) . In C. elegans, ABI-1 is known to interact with UNC-53/NAV2. unc-53 mutants share some phenotypes with mig-10 mutants, including excretory canal truncation and axon guidance defects (Hedgecock et al., 1987; Stringham et al., 2002) . UNC-53/NAV2 is a large protein that is thought to act as a scaffold, and ABI-1 may serve to link the actin remodeling machinery to this scaffold during outgrowth and guidance . It has been proposed that UNC-53 may also play a role in vesicle trafficking required to mediate cell outgrowth or migration .
We demonstrate here that MIG-10 physically interacts with ABI-1 and that this interaction requires the C-terminal SH3 domain of ABI-1. We also show that ALM neuronal migration and excretory cell canal outgrowth of abi-1(tm494) mutants or abi-1(RNAi) treated animals have defects that resemble those displayed by mig-10(ct41) mutants, suggesting MIG-10 and ABI-1 are involved in a common pathway in vivo. We demonstrate that cell autonomous expression of MIG-10 isoforms rescues both the neuronal migration and excretory canal truncation phenotype of mig-10(ct41) mutants, consistent with ABI-1 and MIG-10 functioning together in these cells. Finally, we show that MIG-10, ABI-1, and UNC-53 function at different times during the course of excretory canal outgrowth. We suggest a model in which these genes act together to mediate localization of vesicles required for formation of the cell lumen.
Materials and methods
Strains and genetics C. elegans Bristol (N2) and mutant strains were maintained on NGM plates at 20 1C using OP50 Escherichia coli as a food source according to standard protocols (Brenner, 1974 ); VA74 abi-1(tm494); sIs10089 ); VA106 unc-53 (n152); sIs10089 );
Yeast two-hybrid screen
The entire coding sequence of the mig-10a transcript was cloned into the pDEST32 bait vector (Invitrogen) and used as bait with a mixed stage C. elegans cDNA library as prey (Invitrogen). Clones were transformed into the MAV203 auxotrophic mutant following the manufacturer's protocols. Candidate binding partners were identified by assaying for growth on triple dropout media (-TrpLeu-His) in the presence of 65mM 3AT, and confirmed by the absence of growth on 5-FOA. High concentrations of 3AT were needed to overcome background autoactivation of MIG-10A. Candidate interacting clones were isolated and retransformed to confirm the interaction. Clones corresponding to the B0336.6/abi-1 locus were isolated from 6 independent transformations.
Yeast two-hybrid deletion construct assays
Full-length mig-10a and abi-1 constructs were recloned into a different two-hybrid system. Constructs were generated by PCR cloning mig-10a and abi-1 from sequenced template cDNAs using sequence specific primers (available upon request) engineered along with restriction sites for PCR cloning. mig-10a was cloned into the SmaI site of pAS1 while abi-1 constructs were cloned into the XhoI site of pACTII. Following LiAc/SSDNA/Peg based plasmid transformation (Gietz and Schiestl, 2007) into the PJ69-4A yeast strain (James et al., 1996) , interactions were identified by assaying for growth on quadruple dropout media (-Trp-Leu-His-Ade) in the presence of 100mM 3AT (Sunrise Yeast Source). Experiments were performed in duplicate and triplicate as indicated.
Cloning and injection of rescuing constructs
Constructs used in excretory cell rescue experiments were generated by cloning the PCR-amplified coding sequence for either mig-10a or mig-10b into the pVA700 vector using the KpnI and PstI sites. pVA700 is a derivative of the Fire vector pPD95.77 which contains the pgp-12 promoter (Marcus-Gueret et al., 2012) . Plasmids (160 ng/mL) were injected into worms using standard techniques, using coinjection marker Punc-122::dsRed (40 ng/mL).
Cloning of constructs for co-immunoprecipitation
Constructs encoding MIG-10 and ABI-1 variants of interest were produced with the Gateway cloning system (Invitrogen). Amplicons of the coding sequence for each variant were generated by PCR (primers available upon request). BP reactions were then performed using the pDONR 201 vector. Candidate entry clones were selected from positive transformants from each BP reaction and DNA isolated using standard techniques (QIAprep Spin Miniprep kit (Qiagen)). Identification of entry vectors of the desired sequence was confirmed by sequencing analysis (DNA Analysis Facility at Yale University). Expression clones were then generated via LR reactions using entry clones and pUAS destination vectors modified to allow Gateway cloning (Duffy, 2002) . Destination vectors were either pUAST-a-V5/6XHis (MIG-10 variants) or pUAST-a-GFP (ABI-1 variants) (vector sequences available upon request). All candidate expression clones were selected and validated as described above.
Co-immunoprecipitation
Drosophila S3 cells were grown and maintained as described (Cherbas and Cherbas, 2007) . Protein expression and immunoprecipitation procedures were adapted from Alvarado et al., 2004 . Cells were grown to 90% confluence in six-well plates and transfected with the Qiagen effectene kit according to the manufacturer's protocol. Each transfection included 133 ng of the arm-Gal4 constitutive driver vector and 133 ng of each desired pUAS expression vector. Cells were resuspended by pipetting 96 h post-transfection. From each sample, 75 mL of resuspended cells were removed as a whole cell lysate (WCL) sample. Cells in WCL samples were pelleted by centrifugation and resuspended in sample buffer (12 mM Tris-HCl, pH 6.8; 5% glycerol; 0.4% SDS; 2.88 mM 2-mercaptoethanol; 0.02% bromophenol blue).The remainder of each sample of transfected cells was pelleted by centrifugation, and resuspended in 1 mL ice cold lysis buffer (50 mM Tris, pH 8; 150 mM NaCl; 2 mM EDTA; 0.5% NP-40, 5 mM NaF, 5 mM Na 4 P 2 O 7 , and 1 mM Na 3 VO 4 ; 2Â protease inhibitor cocktail (Complete, EDTA-free, Roche)) and left on ice for 15 min. Lysates were cleared by centrifugation at 14,000 rpm for 15 min at 4 1C. Supernatants were removed to new tubes, and GFP-tagged proteins were captured with 2 mL polyclonal rabbit anti-GFP antibody (Clontech) overnight at 4 1C. Antibody-antigen complexes were immobilized by incubation with 70 mL of a 10% (w:v) slurry of Protein A Sepharose (GE Healthcare) in lysis buffer for 1.5 h at 4 1C. The sepharose was collected by gentle centrifugation and washed three times in wash buffer (50 mM Tris pH 8.5; 250 mM NaCl; 2 mM EDTA; 1% NP-40) followed by one wash in 50 mM Tris, pH 8. Alternatively, magnetic Protein A MicroBeads were used (Miltenyi Biotec) following manufacturer's protocol.
Samples were resuspended in 25 mL 2 Â sample buffer, boiled for 5 min, and loaded on 10% polyacrylamide gels. Transfer to nitrocellulose membranes (GE Healthcare) was confirmed by Ponceau staining and membranes were then blocked in 5% (w:v) non-fat dry milk (NFDM) in TBST (20 mM Tris-HCl, pH 7.6; 150 mM NaCl; 0.1% Tween-20) for 1 h at room temperature. Membranes were incubated overnight at 4 1C in a 1:5,000 dilution of anti-V5 antibody (mouse monoclonal, Invitrogen) in 1% (w:v) NFDM in TBST. Membranes were washed five times in TBST, incubated for 1 h at room temperature in a 1:20,000 dilution horseradish peroxidase-conjugated goat-anti-mouse antibody (Jackson ImmunoResearch Labs) in 5% (w:v) NFDM in TBST, and washed five times in TBST. Membranes were incubated for 10 min in HRP substrate working solution(Universal His Western Blot kit 2.0, Clontech or SuperSignal West Femto, Pierce) and exposed to chemiluminescent detection film (Roche). Subsequent detection of GFP-tagged variants was performed by stripping membranes according to the manufacturer's protocol and reprobing with an anti-GFP antibody (mouse monoclonal, Clontech).
RNA interference experiments
RNAi experiments were performed by feeding (Kamath et al., 2001) , using RNAi clones obtained from Geneservice, Ltd. RNAi treated L4 animals carrying the Ppgp-12::gfp reporter sIs10089 were mounted on 2% agarose pads in 10 mM sodium azide and examined using a compound microscope equipped with epifluoresce. Animals were scored for excretory canal outgrowth with respect to the position of the gonad arms, the vulva, and the anus. Chi-square analysis was conducted using Excel.
Developmental time course experiments
To synchronize the worms' developmental stage, mixed populations of worms were washed off plates, so that only embryos remained on the plates. Alternatively, embryos were isolated from gravid hermaphrodites using standard methods (Sulston and Hodgkin, 1988) and then plated. Embryos were allowed to hatch over the course of 2 h, and then plates were washed again to obtain newly hatched L1 animals. For the 15 h post-hatch time point ( L1þ15 h), these L1 animals were plated again and allowed to age for 15 h from the initial wash. L4 animals were identified from mixed worm populations using the characteristic morphology of the L4 vulva. All worms were grown at 20 1C.
Phenotypic analysis of mutant and rescued strains
Animals of appropriate stages and strains carrying either the Ppgp-12::gfp reporter sIs10089 or the Pflp-20::gfp reporter ynIs54 were mounted on slides and examined using a compound microscope equipped with epifluorescence. For developmental studies, maximal image projections were obtained using either a Zeiss compound microscope equipped with an Apotome, or a confocal microscope. Measurements of photomicrographs were made using Zeiss Axiovision or ImageJ software. Location of ALM neurons was measured with respect to the posterior border of the pharynx, and normalized by distance from pharynx to vulva. Length of the excretory canals was measured from the excretory cell body, and normalized by the length of the animal (posterior canals) or the distance from head to the posterior border of the pharynx (anterior canals). Statistical analysis was conducted using SPSS. For group mean comparisons, ANOVA was performed, followed by Tukey HSD multiple comparisons tests.
Results

ABI-1 was isolated as a MIG-10 interactor in a yeast two-hybrid screen
In order to identify additional proteins that interact with MIG-10, we performed a yeast two-hybrid screen using MIG-10A as bait. While MIG-10 has three predicted isoforms, which differ only at the N-terminus ( Fig. 1) , we chose MIG-10A as bait, because this isoform had been shown to function in the binding and localization of UNC-34, as well as in rescue of mig-10 mutants (Chang et al., 2006; Quinn et al., 2006) . We transformed a commercially available C. elegans cDNA library into the MIG-10A bait strain, and screened 900,000 clones. We isolated 28 strong interactors, 12 of which were confirmed by DNA isolation and retransformation of the bait strain. Abelson interactor-1 (ABI-1) was the strongest and most consistently isolated of these putative MIG-10 interactors; it was isolated in 6 independent transformations ( Fig. 2A) .
The SH3 domain of ABI-1 is necessary and sufficient for interaction with MIG-10 ABI-1 contains Q-SNARE and ABL-HHR (Abl homeodomain homologous region) domains at its N-terminus, an SH3 domain at the C-terminus, and a serine-rich region as well as several SH3 binding sites in the central region of the protein (Fig. 2A) . The Nterminus of mammalian Abi-1 has been shown to bind to Wave-1, while the Q-SNARE domain binds to Syntaxin-1 (Echarri et al., Schematic of the full-length ABI-1 protein with predicted protein domains. The predicted C-terminal deletion and small addition to the protein caused by the abi-1(tm494) mutation is indicated. Interaction was observed between full-length MIG-10A and ABI-1 constructs, but not with the ABI-1 174-427 deletion. ABI-1 wild type and deletion constructs are indicated, with MIG-10A and empty bait vector interactions at right. Strains containing interacting bait and prey will grow on media lacking Leu, Trp, His, and Ade, and containing 100 mM 3AT. High concentrations of 3AT were needed to overcome background autoactivation of MIG-10A. (B-E) Co-immunoprecipitation results. S3 cells co-expressing the indicated fusion constructs were lysed, and GFP-tagged molecules were immunoprecipitated. Immunoprecipitates were then analyzed by western blotting using an anti-V5 antibody. 2004). The SH3 domain is known to mediate binding to Abl, while the ABL-HHR domain is found only in proteins that interact with Abl; it is similar to DNA-binding domains of homeodomain proteins (Dai and Pendergast, 1995) . In addition to the RAPH domains previously described, MIG-10 contains several prolinerich regions containing putative SH3 binding sites (Fig. 1) . We found that the full-length ABI-1 protein interacted with MIG-10A in a yeast two-hybrid system, while a deletion mutant missing the Q-SNARE, ABL-HHR, and SH3 domains did not ( Fig. 2A) .
In order to confirm the interaction between MIG-10 and ABI-1 by an independent method, and to determine which domains of ABI-1 were required for binding, we turned to an insect expression system. Each protein was expressed as a C-terminal fusion to either GFP or the V5 tag, and fusions were co-expressed in S3 cells and immunoprecipitated with an anti-GFP antibody (Fig. 2B-E) . In agreement with the yeast two-hybrid results, MIG-10A:V5 coimmunoprecipitated with wild type ABI-1:GFP, but not with ABI-1 174-426 :GFP, which lacks the Q-SNARE, ABL-HHR, and SH3 domains of the protein (Fig. 2B) . MIG-10:V5 co-immunoprecipitated with ABI-1 416-469 :GFP, which encodes the complete SH3 domain, but not with ABI-1 1-415 :GFP, which encodes the entire ABI-1 protein except for the SH3 domain (Fig. 2C) , or with ABI-1 1-173 :GFP, which encodes the Q-SNARE and ABL-HHR domains of the protein (Fig. 2D) . Our results show that the ABI-1 SH3 domain is necessary and sufficient for the interaction of MIG-10 and ABI-1.
We also wanted to determine if the interaction with ABI-1 is isoform specific with respect to MIG-10. As described previously, the three predicted splice variants of mig-10 encode isoforms that differ only in their N-termini (Fig. 1) . In particular, the N-terminus of MIG-10A contains a proline-rich region with a putative SH3 binding site that is missing in MIG-10B, the smallest isoform. MIG-10B:V5 also co-immunoprecipitated with wild type ABI-1:GFP (Fig. 2E) , demonstrating that both isoforms are capable of interaction with ABI-1, and suggesting that the N-termini of the MIG-10 isoforms are not essential to the interaction.
abi-1 mutants have defects in neuronal migration and excretory cell outgrowth in vivo
In order to show that the MIG-10/ABI-1 physical interaction is significant in vivo, we turned to mutant and RNAi analysis. If MIG-10 and ABI-1 function together in a complex, then we would expect that mutations in abi-1 or abi-1 knockdown by RNAi should produce similar phenotypes to those exhibited by animals carrying mig-10 mutations. The sole available abi-1 mutation, abi-1(tm494), is a weak loss of function deletion mutation (Mitani Laboratory, National Bioresource Project). The mutation produces a frameshift that is predicted to delete the SH3 domain and one of the three SH3 binding sites, while adding six amino acids to the C-terminal end of the protein, resulting in a 356 amino acid product ; Fig. 2 ). The mig-10(ct41) allele is a null allele resulting from a point mutation that produces a stop early in the coding region (Manser et al., 1997 ; Fig. 1 ). We focused on characterizing the effects of abi-1 loss of function on two processes known to be defective in mig-10 mutants: the migration of the ALM neuron cell bodies, and the outgrowth of the excretory cell processes or 'canals' (Manser and Wood, 1990) . We constructed abi-1(tm494) and mig-10(ct41) strains containing GFP transgenes allowing us to visualize the ALM neurons and the excretory cell.
abi-1(tm494) animals have defects in ALM cell body migration
The ALM neurons migrate from the anterior of the animal towards the posterior during embryogenesis (Sulston et al., 1983) . We measured the final location of the neuron cell bodies with respect to the posterior border of the pharynx in abi-1(tm494) and mig-10(ct41) mutant animals as compared to wild type animals (Fig. 3) . Mutations in either of these genes resulted in a significant truncation of ALM migration. This result shows that ABI-1, like MIG-10, is required for normal ALM cell body migration. Interestingly, the amount of the truncation resulting from the weak abi-1(tm494) allele was not significantly different from that of the mig-10(ct41) null allele for this migration. This result suggests that for this cell type, a decrease in the ability of ABI-1 to interact with MIG-10 has a similar phenotype to complete loss of MIG-10, consistent with the two proteins acting in a complex in vivo.
abi-1(tm494) and abi-1(RNAi) animals have defects in excretory cell outgrowth
The excretory cell is a single cell tube that functions to regulate osmolarity. The apical (lumenal) surface of the tube originates during embryogenesis, when vesicles form and then coalesce inside the cell body to initiate lumen formation (Buechner, 2002) . As the lumen expands within the cell, the basal tips of the canals also extend, so that the two surfaces lengthen together. Many genes that affect outgrowth and guidance of the canals also affect axon guidance, including mig-10, unc-53, and distance from each ALM cell body to the pharynx (A,B) was averaged for the two ALM neurons for each animal, then normalized by the distance from pharynx to vulva (C) to control for size variation among animals; ALM migration¼ (A þB)/ 2*C. (C) Measurements of ALM migration were made in larval stage 4 (L4) animals using ImageJ software. þ / À indicates wild type/mutant for genes, or presence/ absence of transgene. abi-1, abi-1(tm494); mig-10, mig-10(ct41); FosAB, transgene containing FosAB and expressing both MIG-10A and MIG-10B (see Fig. 1 ). Pmec-4::mig-10a, transgene (cueIs3) expressed in all mechanosensory neurons including ALM (Quinn et al., 2006) . Bars annotated with the same letter are not significantly different from each other; bars with different letters are significantly different (ANOVA followed by Tukey HSD post-hoc tests; po0.001). Error bars are þ /À 1 SE. n4 ¼40 per strain.
unc-34 (Hedgecock et al., 1987) . The two canals initially extend dorsolaterally from the cell body; the processes then divide and extend both anteriorly and posteriorly, to form an 'H' shape. Outgrowth of the canals continues during the first larval stage (L1), at which point the canals extend nearly the complete length of the animal (Fujita et al., 2003) . The canals then continue to grow along with the animal as it grows from approximately 300 mm at L1 to its adult size of 1 mm.
Both abi-1(tm494) and mig-10(ct41) mutations had been previously shown to result in excretory canal truncation (Manser and Wood, 1990; Schmidt et al., 2009 ). If abi-1 and mig-10 act in a single linear pathway to mediate excretory canal migration, then knocking out both genes should result in a similar phenotype to knocking out either one alone. We tested this prediction using abi-1(RNAi) to knockdown ABI-1 in mig-10(ct41) null mutant animals (Fig. 4) .
abi-1(tm494) mutant animals showed a small truncation of the excretory canal, while abi-1(RNAi) in this study had no effect on the excretory canal on its own, in contrast to that previously reported . abi-1(RNAi) in the abi-1(tm494) background significantly increased the truncation observed in the abi-1 mutant ( Fig. 4 ; Schmidt et al., 2009 ). Since abi-1(RNAi) can result in embryonic lethality (Patel et al., 2008) , it is probable that we observed reduced ABI-1 levels rather than complete knock out. mig-10(ct41) mutants displayed a much greater truncation than observed for abi-1(tm494) mutants or abi-1 (RNAi) (Fig. 4 ; Manser and Wood, 1990) . Treating mig-10(ct41) mutants with abi-1(RNAi) dramatically increased the truncation (Fig. 4) . In particular, mig-10(ct41); abi-1(RNAi) animals showed no process outgrowth whatsoever in 45% of the animals, while this phenotype occurred only about 5% of the time in mig-10(ct41); L440(RNAi) vector controls. These results suggest that ABI-1 and MIG-10 do not function in a single linear pathway in mediating excretory cell canal outgrowth, but instead act either in separate pathways, or in overlapping or partially redundant pathways.
We considered several hypotheses that could explain the observed enhancement. One hypothesis is that rather than acting within the same cell, ABI-1 and MIG-10 might carry out their functions in different cell types. In this case, decreasing function of both proteins would be expected to produce an enhanced phenotype, since the proteins would clearly be acting in separate pathways. ABI-1 has been shown to act cell autonomously in the excretory cell , and there is some evidence that MIG-10 may act cell non-autonomously in canal outgrowth (Manser et al., 1997) . Thus, we decided to determine in which cell types MIG-10 function is required.
Cell autonomous expression of MIG-10 is sufficient for rescue of both neuronal migration and excretory canal outgrowth
In order to examine cell autonomy, we needed to first determine which MIG-10 isoforms were required for function. Three MIG-10 isoforms are predicted, MIG-10A, B, and C (Fig. 1) . Cell autonomous expression of MIG-10A has been shown to be sufficient to rescue some mig-10(ct41) axon outgrowth defects (Chang et al., 2006; Quinn et al., 2006; , while cell autonomous expression of MIG-10B is sufficient to rescue defects in synaptic vesicle clustering observed in mig-10(ct41) animals . MIG-10C has not been shown to be required for rescue of any mutant phenotype.
To determine which of the MIG-10 isoforms is required for rescue of neuronal cell body migration, we began with a fosmid construct, termed FosAB, which contains mig-10 genomic sequence, and should express isoforms MIG-10A and MIG-10B in their endogenous pattern, but not isoform MIG-10C (Fig. 1) . We crossed a transgene containing FosAB into a mig-10(ct41) null mutant strain containing a GFP marker for the ALM neurons. This transgene completely rescued the ALM migration defect, suggesting that MIG-10C is not necessary for this migration (Fig. 3C) . Since MIG-10A is known to be expressed in the ALM neurons (Quinn et al., 2006) , we next tested a transgene expressing MIG-10A specifically in the ALM neurons, and again observed complete rescue (Fig. 3C) . We conclude that MIG-10A is sufficient to rescue ALM neuron cell body migration when expressed cell autonomously in the ALM neurons.
To determine which of the MIG-10 isoforms is required for rescue of excretory canal outgrowth, we crossed the FosAB transgene into mig-10(ct41) null mutant strains containing a GFP marker for the excretory cell. In order to determine the amount of rescue precisely, we measured the lengths of the anterior and posterior canals. FosAB completely rescued truncation of both anterior and posterior canals, restoring them to wild type length (Fig. 5) . We concluded that MIG-10A and MIG-10B isoforms are sufficient to rescue the excretory canal defect of mig-10 null mutant animals, and that MIG-10C is not required.
To determine whether MIG-10A and MIG-10B can function cell autonomously in the excretory cell, we made constructs with MIG-10A and MIG-10B under the control of the pgp-12 promoter, which is expressed specifically in the excretory cell (Zhao et al., 2005) . We first injected both constructs in equal amounts into mig-10(ct41) mutants. Several of the resulting lines showed complete rescue of truncation of the anterior canals, and partial rescue of the posterior canals (Fig. 5C) . Examination of individual animals showed that in many cases, posterior outgrowth was also rescued completely. Lines generated from injection of either the MIG-10A or MIG-10B construct alone showed the same degree of rescue as lines expressing both constructs. Thus, autonomous expression of either MIG-10A or MIG-10B in the excretory cell can rescue the truncation phenotype of mig-10(ct41) mutants. These results show that MIG-10, like ABI-1, functions cell autonomously in the excretory cell to promote outgrowth of the canals.
MIG-10 and UNC-53 function sequentially during excretory canal outgrowth
Having established that MIG-10 was functioning in the excretory cell, we wanted to determine whether it might function in a known pathway involving ABI-1 and UNC-53/NAV2. UNC-53/ NAV2, a large multi-domain protein, is proposed to act as a scaffold to allow ABI-1 binding, leading to downstream activation of ARP2/3, actin polymerization, and canal outgrowth ). UNC-53 and ABI-1 interact physically, and unc-53(n166); abi-1(tm494) double mutants or unc-53 (n166); abi-1(RNAi) strains do not show greater EC truncation than unc-53(n166) null mutants alone, consistent with UNC-53 and ABI-1 being in the same pathway .
To determine whether MIG-10 and UNC-53 are in the same pathway in excretory cell outgrowth, we made double mutants between mig-10 (ct41) and unc-53(n152). Both unc-53 (n152) and unc-53 (n166) alleles act genetically like nulls in excretory cell outgrowth; that is, the phenotype is not enhanced when either allele is placed over a deficiency Stringham et al., 2002) . Excretory canals in mig-10 mutant animals were more severely truncated than those of unc-53 mutants (Fig. 6A) .
The double mutant unc-53 (n152); mig-10(ct41) strains showed no greater posterior excretory canal truncation than mig-10(ct41) single mutants (Fig. 6A) , consistent with MIG-10 being in the same pathway as UNC-53. How might the lack of an increased defect in posterior outgrowth observed in unc-53; mig-10 double mutants be reconciled with the enhancement observed in mig-10; abi-1(RNAi) strains, if all three genes encode proteins that are part of the same pathway? One possibility is that these genes are involved in multiple pathways during excretory cell outgrowth. The fact that mig-10 mutants have more severely truncated canals than unc-53 mutants suggests that MIG-10 may be required earlier in development. If MIG-10 only acts early, while UNC-53 only acts later, in a distinct pathway, mutations in the two genes might be expected to enhance each other. The fact that they do not is consistent with a model in which MIG-10 acts both early, without UNC-53, and later, in the same pathway as UNC-53. For instance, MIG-10 might be required for outgrowth throughout embryogenesis and L1, while both MIG-10 and UNC-53 might be required together only during L1. ABI-1 might be required early, in a separate pathway parallel to MIG-10, as well as in the later pathway. Disruption of ABI-1 by RNAi would then enhance mig-10 mutant phenotypes, since both early pathways would be affected, but not unc-53, since only one early pathway would be affected. As described earlier, the outgrowth of the excretory canals proceeds in several phases ( Fig. 7A ; Buechner, 2002; Fujita et al., 2003) . We term the phase of anterior and posterior outgrowth when the canals are extending along the body of the worm 'active' outgrowth. Active outgrowth in wild type animals occurs in embryogenesis and L1 (Fujita et al., 2003) . Once the processes reach their fullest extent, they continue to grow along with the animal; we term this phase 'passive' outgrowth. We examined the canals of wild type, mig-10, unc-53, and abi-1 strains at three time points: immediately after hatching (L1 hatch), 15 h post-hatch (L1þ15 h), and at the fourth larval stage (L4). We measured outgrowth of the posterior canal as a proportion of the worm's body length. We expected this proportion to increase over time as long as active outgrowth was occurring, and to remain approximately constant if only passive outgrowth was occurring.
In wild type animals, we observed an increase in outgrowth as a proportion of body length at all three time points (Fig. 6B) . Both mig-10 and unc-53 mutant canals were significantly shorter than wild type at all three time points, with mig-10 canals significantly shorter than unc-53 at all times. As a proportion of body length, mig-10 canals remained essentially constant in length after L1 hatch. This result suggests that active outgrowth of the canals in these mutants was compromised during embryogenesis and ceased altogether after L1 hatch. Canals in unc-53 animals were longer than those of mig-10 animals at L1 hatch, consistent with UNC-53 functioning later in the outgrowth process than MIG-10. Canals in unc-53 animals were longer at the L1þ15 h time point than at L1 hatch; after L1 þ15 h, they remained essentially constant as a proportion of the animal's body length. This result suggests that active outgrowth was slowed in unc-53 mutants in both late embryogenesis and L1, and had ceased by L1þ15 h. The weak abi-1(tm494) allele produced canals that were similar in length to wild type at L1 hatch, but significantly shorter than wild type at the later time points. Thus, this mutation affected active outgrowth later and to a lesser extent than mig-10 and unc-53.
In examining the morphology of the various strains, we noted that canals in wild type animals at L1 hatch showed regularly spaced swellings along the entire extent of the posterior canal (Fig. 6C) . unc-53 and abi-1 canals in animals at L1 hatch showed a similar morphology. In contrast, mig-10 posterior canals appeared more uniformly swollen throughout most of their length at L1 hatch. At the L1þ15 h time point, wild type canals still showed regularly spaced swellings, but neither mig-10 nor unc-53 mutant canals exhibited obvious swellings, instead appearing uniformly thicker throughout their length. By L4, wild type and abi-1 canals also appeared mostly uniform in thickness throughout their length, but still appeared thinner than canals in mig-10 and unc-53 mutant animals. Thus, the morphology of the canals was correlated with active outgrowth; canals undergoing active outgrowth showed swellings, while canals in which active outgrowth was most compromised were thicker throughout their length.
Discussion
Each of the cytoplasmic proteins MIG-10/Lpd and ABI-1 has previously been shown to promote cell migration and process outgrowth in nematodes and vertebrates, but a direct interaction between these molecules has not been reported previously. Two other groups working concurrently have now also shown that MIG-10 and ABI-1 interact (Xu and Quinn, 2012; . Our results demonstrate that MIG-10A and ABI-1 interact in a yeast two-hybrid system, and that either MIG-10A or MIG-10B co-immunoprecipitate with ABI-1 in insect cells, suggesting that these proteins physically interact. The coimmunoprecipitation results show that the ABI-1 SH3 domain is necessary and sufficient for the interaction with MIG-10A. Additionally, we have shown by mutant phenotypic analysis that MIG-10 and ABI-1 affect some of the same developmental processes in vivo, such as the outgrowth of the excretory cell canals and the migration of the ALM neuron cell bodies. Our experiments show that cell autonomous expression of MIG-10 is sufficient for complete rescue of ALM migration and anterior canal outgrowth, and partial rescue of posterior canal outgrowth. Our developmental morphological and genetic studies suggest that ABI-1, MIG-10, and UNC-53 act together in the excretory cell to promote canal outgrowth. ALM neuron cell bodies, a migration also affected in mig-10 mutants (Manser and Wood, 1990) . Interestingly, the amount of truncation observed in abi-1(tm494) mutants is similar to that in mig-10(ct41) null mutants. Since abi-1(tm494) is predicted to encode a protein missing the SH3 domain required for interaction with MIG-10, this observation is consistent with the idea that the interaction of ABI-1 and MIG-10 is important for ALM migration. mig-10(ct41) truncation of ALM migration was completely rescued by a transgene expressing MIG-10A specifically in the ALM neuron. This result is consistent with other studies Chang et al., 2006; Krause et al., 2004; Quinn et al., 2006) , which have also shown a cell autonomous role for MIG-10/Lpd in the direction of cell migration and process outgrowth. Further work is necessary to determine the mechanism of action of MIG-10 and ABI-1 in this migration.
MIG-10 may act both autonomously and non-autonomously in the excretory cell
The role of MIG-10 in excretory cell outgrowth appears to be somewhat complex. Posterior canal outgrowth was completely rescued by transgene FosAB, which includes the genomic sequence of both mig-10a and mig-10b. In contrast, cell autonomous expression of mig-10a or mig-10b cDNAs, or both together, resulted in partial rescue. The partial rescue of the posterior processes was not due to mitotic loss of the transgene, since anterior processes of the same cells showed complete rescue. The partial rescue also did not seem to be related to timing of expression, or MIG-10 isoform, since there was no difference in rescue with cDNAs encoding either or both isoforms, and the Ppgp-12 driver we used is expressed throughout development (Zhao et al., 2005) . One possible explanation is that the function of one or both of the MIG-10 isoforms in cells other than the excretory cell also contributes to its outgrowth. In this model, FosAB would rescue the mig-10(ct41) defect more completely than the cell-specific transgenes, since FosAB should mimic the endogenous expression patterns of MIG-10A and MIG-10B. This model would be consistent with previous findings suggesting that MIG-10 functions in a cell non-autonomous fashion to promote excretory canal outgrowth (Manser et al., 1997) . Different isoforms of the Rac/Rho GEF UNC-73/Trio have recently been shown to have either cell autonomous or non-autonomous functions in excretory canal outgrowth (Marcus-Gueret et al., 2012) . As noted above, anterior canal outgrowth was rescued completely by cell autonomous expression of MIG-10 isoforms. Because the posterior canal must travel much farther than the anterior canal to complete its outgrowth, it may be that a putative nonautonomous function is more important for posterior outgrowth.
A model of vesicle fusion and process outgrowth
The process by which the excretory canal lumen is formed and maintained has been previously studied (Buechner, 2002; Mattingly and Buechner, 2011) . Mutations in any of a set of genes termed 'exc' genes results in the formation of fluid-filled cysts in the canals, either throughout the canal, or near its beginning or end (Buechner et al., 1999) . These genes encode proteins related to the development or maintenance of the canal apical cytoskeleton, and mutations in any of them cause cytoskeletal defects that result in cyst formation (Fujita et al., 2003; Gao et al., 2001; Gobel et al., 2004; Tong and Buechner, 2008) . Recent work using markers specific to various types of endosomes has suggested that operation of the endosome recycling pathway is critical to maintenance of the intact canal structure during outgrowth (Mattingly and Buechner, 2011) .
The thickening we observed in the canals of mig-10 and unc-53 mutants was not as dramatic as the increase in diameter observed in the cysts of exc mutants. However, it is tempting to suggest that mig-10 and unc-53 mutations also disrupt cytoskeletal dynamics and vesicle trafficking in some way. Recent studies show that mig-10 is required for synaptic vesicle clustering (Stavoe and Colon-Ramos, 2012) and unc-53 is expressed in endocytic coelomocytes where it is required for endocytosis . unc-53 and abi-1 have also both been shown to regulate trafficking in oocytes (Balklava et al., 2007; Giuliani et al., 2009) . The regularity of spacing of the swellings we observed in wild type animals, and their correlation with active outgrowth of the excretory canals, suggests that the swellings may be related to an orderly process of vesicle fusion required for outgrowth. The swellings may represent locations in the cell where fusion of vesicles is actively occurring, creating the increases in luminal membrane that allow outgrowth to occur. We speculate that during embryogenesis, MIG-10 normally functions to localize where these fusions occur. In the absence of MIG-10 activity, fusions can occur throughout the canal, resulting in a shorter, thicker canal lumen. According to our model, UNC-53 also functions with MIG-10 in vesicle localization, but is not required until late in embryogenesis. ABI-1 functions at this later time point as well, operating downstream of MIG-10 and UNC-53 to facilitate cytoskeletal remodeling allowing vesicle localization. In addition, to account for the dramatic enhancement observed in mig-10 mutants treated with abi-1(RNAi), we propose that ABI-1 plays a role in another pathway parallel to MIG-10 during embryogenesis (Fig. 7B) .
Our model is based not only on our developmental time course experiments, but also on the phenotypes of various mutant and RNAi combinations. We observed that unc-53; mig-10 double mutant canals were no more severely truncated than those of mig-10 single mutants. This result is consistent with MIG-10 acting during embryogenesis on its own, and then acting together with UNC-53 during L1, since if UNC-53 were acting in a distinct pathway, enhanced truncation might be expected in double mutants. Similarly, in previous experiments, abi-1(RNAi) or abi-1(tm494) mutations in an unc-53 mutant background never produced a more severe truncation of the excretory canal than unc-53 mutations alone ). In the RNAi experiments, this was true despite the fact that a variety of abi-1(RNAi) effects were observed, including lethality, suggesting that the RNAi effect was stronger than that observed in the current work. These results are consistent with the idea that ABI-1, like UNC-53, is only important in the later part of the canal lumen outgrowth pathway, from late embryogenesis onward. This model is consistent with the phenotype of the abi-1(tm494) mutant, which only differs significantly from wild type after L1 hatch.
The abi-1(tm494) mutation has a surprisingly weak phenotype, given that the SH3 domain of ABI-1 is required not only for interaction with MIG-10, but also with other proteins (Hurwitz et al., 2009) . Although it has been reported that the original strain containing the tm494 deletion allele also had a duplication of a wild type copy of abi-1 (Patel et al., 2008) , we saw no evidence of a duplication by PCR after several rounds of outcrossing (data not shown). A possible explanation for the weak phenotype could be that this deletion does not affect the N-terminal region of ABI-1 known to interact with Wave-1 in vertebrates (Echarri et al., 2004) . Similarly, ABI-1 interaction with UNC-53 also does not require the ABI-1 SH3 domain. Thus, if an UNC-53/ MIG-10/ ABI-1 complex functions during canal outgrowth in L1 as we propose, perhaps the complex as a whole is able to localize vesicles successfully even with a mutant ABI-1 protein; the loss of a direct interaction between ABI-1 and MIG-10 may not be critical to function of the complex.
In contrast, the loss of ABI-1 by RNAi in a mig-10 mutant background produced a much more severe phenotype; often, no visible canal outgrowth from the cell body was observed in these animals. This result suggests that ABI-1 function is critical to initial excretory canal outgrowth during early embryogenesis. The simplest explanation consistent with our data is that ABI-1 operates in a pathway parallel to MIG-10 at this early time point. ABI-1 acting in another pathway distinct from MIG-10 would not be surprising, since ABI-1 has multiple functions in many cell types throughout development related to its role as an activator of the ARP2/3 complex required for the initiation of actin branching (Patel et al., 2008) . Such a pathway might not even be autonomous to the excretory cell, but instead could be occurring in hypodermal cells that act as a substrate for canal outgrowth. Another possible explanation for the severe phenotype is that MIG-10 and ABI-1 function together during early embryogenesis in the same complex, but that compromising the function of either molecule on its own does not completely disrupt the function of the complex. Disruption of both, as in mig-10(ct41); abi-1(RNAi) animals, would have a much more severe effect.
Actin polymerization and vesicle trafficking
Intriguingly, MIG-10 has recently been shown to be required in the clustering of synaptic vesicles at the synapse of the AIY neuron (Stavoe and Colon-Ramos, 2012) . These authors suggest a model in which MIG-10B interacts with ABI-1 to organize the actin cytoskeleton, which then leads to vesicle clustering . The presence of a Q-SNARE domain at the ABI-1 N-terminus suggests that ABI-1 might even participate more directly in vesicle fusion, since SNARE proteins are known to mediate the fusion of vesicles with their target membranes (Jahn et al., 2003) . ABI-1 has also been shown to play a role in vesicle trafficking in oocytes in C. elegans (Giuliani et al., 2009) , and in tubulovesicular structures in Drosophila (Fricke et al., 2009 ). UNC-53 has been proposed as a central regulator of cytoskeletal dynamics based on its multiple roles in regulating actin, microtubules, and vesicle trafficking . As in its role in excretory canal outgrowth, UNC-53 is typically only required for the later parts of the longitudinal migrations it coordinates Stringham et al., 2002) ; it may be that its coordinating activity becomes more essential as the outgrowing process travels farther away from the cell body. Thus, while our model is clearly speculative, there is precedent for all of these molecules playing a role in vesicle trafficking. Future work will provide further insight into the detailed mechanisms by which these molecules mediate outgrowth and process migration.
